ABSTRACT: Rare protein enrichment and sensitive detection hold great potential in biomedical studies and clinical practice. This work describes the use of aptamer-conjugated gold nanorods for the efficient enrichment of rare proteins from buffer solutions and human plasma. Gold nanorod (AuNR) surfaces were modified with a long PEG chain and a 15-mer thrombin aptamer for protein enrichment and detection. Studies of the effect of surface modification on enrichment efficiency of thrombin showed that a change of only one EG 6 linker unit, i.e., from 2EG 6 to 3EG 6 , could increase thrombin protein capture efficiency by up to 47%. Furthermore, a 1 ppm sample of thrombin in buffer could be enriched with around 90% efficiency using a low concentration (0.19 nM) of gold nanorod probe modified with 3EG 6 spacer, and with the same probe, effective capture was achieved down to 10 ppb (1 ng) thrombin in plasma samples. In addition to α-thrombin enrichment, prothrombin was also efficiently captured from plasma samples via gold nanorods conjugated with 15-mer thrombin aptamer. Our work demonstrates efficient enrichment of rare proteins using aptamer-modified nanomaterials, which can be used in biomarker discovery studies.
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ABSTRACT: Rare protein enrichment and sensitive detection hold great potential in biomedical studies and clinical practice. This work describes the use of aptamer-conjugated gold nanorods for the efficient enrichment of rare proteins from buffer solutions and human plasma. Gold nanorod (AuNR) surfaces were modified with a long PEG chain and a 15-mer thrombin aptamer for protein enrichment and detection. Studies of the effect of surface modification on enrichment efficiency of thrombin showed that a change of only one EG 6 linker unit, i.e., from 2EG 6 to 3EG 6 , could increase thrombin protein capture efficiency by up to 47%. Furthermore, a 1 ppm sample of thrombin in buffer could be enriched with around 90% efficiency using a low concentration (0.19 nM) of gold nanorod probe modified with 3EG 6 spacer, and with the same probe, effective capture was achieved down to 10 ppb (1 ng) thrombin in plasma samples. In addition to α-thrombin enrichment, prothrombin was also efficiently captured from plasma samples via gold nanorods conjugated with 15-mer thrombin aptamer. Our work demonstrates efficient enrichment of rare proteins using aptamer-modified nanomaterials, which can be used in biomarker discovery studies. R are protein enrichment has great significance in clinical applications, biomedical studies, proteomic studies, and signal transduction. Because changes in rare protein abundances or structures are often associated with disease pathogenesis, recognition of these indications may lead to early diagnosis. 1−5 Previous attempts to capture and detect low-abundance proteins from biological media have met with limited success, generally from the lack of robust, sensitive, and specific capturing probes. 2 To achieve these designer features, surface modification of nanoparticles, as capture scaffolds, plays an essential role.
Specific capturing can be accomplished with affinity tags such as proteins, 6 antibodies, 7 and aptamers 5 that can be conjugated to nanomaterials. Affinity tag proteins can be used as bait for direct detection of their target proteins. However, this type of protein− protein interaction is limited by weak binding, which is further decreased when the bait protein is used outside of the context of the native protein. This weak binding affinity can also lead to nonspecific binding with more abundant proteins in the medium. 6 Antibodies are used as affinity tags in immunoprecipitation (IP) experiments, which are usually performed with gelconjugated antibodies that can specifically bind to their target proteins. 7 However, because these agarose or sepharose beads have highly porous structures, large target protein molecules may not be able to diffuse adequately into the pores. In addition, the porous structure can also increase the nonspecific binding of smaller molecules that can easily diffuse into the pores. Another drawback of gel beads is rapid precipitation caused by their large sizes (>1 μm), which can cause incomplete interactions with the proteins of interest. 8 As an alternative to gel beads, monodispersed, superparamagnetic beads with diameters varying from nanometer to micrometer are used to minimize sample loss and facilitate the isolation process via magnetic separation.
9−11 However, to fabricate magnetic nanoparticles (MNPs) with good size control and narrow size distribution, they are generally synthesized in the presence of hydrophobic surfactants in organic solvents by thermal decomposition of the precursors. For further biological applications in aqueous solutions, hydrophilic polymers should be tethered to the surface of hydrophobic MNPs, which is fairly challenging because of the inert MNP surface. 12 Gold nanoparticles (AuNPs) have become attractive choices for biomedical applications because of their unique physical and chemical properties. Gold nanoparticles have been used for the detection of specific DNAs 13−15 and proteins, [3] [4] [5] 16 because they can be easily functionalized via simple thiolate chemistry, and they show significant size-dependent color differences. In these "self-assembled monolayer" modifications, the dispersibility of AuNPs in solutions can be increased. For example, after PEG (polyethylene glycol) modification, AuNPs can remain suspended for months. 5 Thus, despite the facile isolation of MNPs, AuNPs are preferred over MNPs because of their easy surface functionalization. Moreover, surface-only binding can avoid limitations in the sizes of the target proteins and eliminate the necessity of pore penetration, thereby decreasing nonspecific binding.
Aptamers represent another type of affinity protein tag, consisting of single-stranded oligonucleotides that bind to target molecules, such as small biomolecules and proteins, with affinities equal to those of antibodies. In contrast to other affinity tags, aptamers have many advantages, including small size, nontoxicity, relatively easy preparation, and functionalization with no batch-to-batch variations and easy surface immobilization via their functional groups. [9] [10] [11] 17, 18 Proteins captured via affinity tag-conjugated nanoparticles can generally be analyzed using 2-D gels, SDS-PAGE, or mass spectrometry (MS) techniques. 4 Besides the challenges described above for protein capturing probes, even detection of captured proteins is limited, to some extent, by the sensitivity of these analytical tools. In SDS-PAGE, the proteins can be stained with Coomassie Brilliant Blue or silver staining methods, with detection limits of 50 ng and 1 ng, respectively. 19, 20 On the other hand, MS can achieve detection limits in the femtomole range. 21, 22 Regardless of the analytical method, existing affinity enrichment techniques for capture of low-abundance proteins from complex biological fluids still need improvement.
Therefore, in this work, we demonstrate the use of surfacemodified, aptamer-conjugated gold nanorods (AuNRs) for efficient capture and isolation of target proteins. As a model capturing platform, 15-mer thrombin aptamers are immobilized on the surface of gold nanorods. To increase the binding efficiency, thrombin aptamers are modified with different lengths of hexaethyloxy glycol (EG 6 ) linker prior to immobilization on the gold nanorod surface.
■ EXPERIMENTAL SECTION
Materials. Cetyltrimetylammonium bromide (CTAB) ≥ 96.0% was obtained from Fluka (52370), and sodium tetrachloroaurate (III) dihydrate (99%), sodium borohydride (98%), and tris(2-carboxyethyl)phosphine (TCEP) were obtained from Sigma-Aldrich. Ascorbic acid, glycine, Tris, and silver nitrate (99%) were obtained from Fisher Scientific. Thiolterminated methoxypoly(ethylene glycol) (mPEG-SH, MW 5000) was purchased from Nanocs. Deoxyribonucleotides, spacer phosphoramidite 18, and 5′-thiol modifiers were purchased from Glen Research. The pH value of the solution containing glycine (0.5 M) was adjusted with 2.0 M NaOH to 8.0. 20X of NuPAGE MOPS SDS running buffer, 4X of NuPAGE LDS sample buffer, and 4−12% Bis-Tris SDS-polyacrylamide gel with 10 wells were purchased from Invitrogen. Deionized water (18.2 MΩ·cm) was used to prepare all of the aqueous solutions.
Preparation of AuNR Seed Solution. Five milliliters of 0.2 M CTAB solution and 5 mL of 0.5 mM NaAuCl 4 solution were mixed in a 50 mL plastic tube, and then 0.6 mL of 0.01 M freshly prepared NaBH 4 was added. Following sonication for 3 min, the mixture turned brownish-yellow. This reaction mixture was protected from the light with aluminum foil and placed in a water bath at 25°C for 1 h.
Preparation of AuNR Growth Solution. Fifty milliliters of 0.2 M CTAB solution and 50 mL of 1 mM NaAuCl 4 solution were mixed in a 100 mL glass bottle. Then 3.25 mL of 0.004 M AgNO 3 was added to this mixture, followed by 0.7 mL of 0.0788 M ascorbic acid. After addition of ascorbic acid, the color of the solution changed from dark yellow to colorless. Then 0.12 mL of the seed solution was added, and the overall mixture was protected from the light with aluminum foil. Finally, the reaction mixture was placed in a water bath at 25°C for 1 h. The solution changed to dark pink within 30 min.
Synthesis of AuNRs. Forty milliliters of 0.5 M glycine (adjusted pH 8.0) was prepared in a 200 mL glass bottle, and 60 mL of DI water was added, followed by 100 mL of the growth solution. The reaction mixture was protected from light with aluminum foil and was placed in a water bath at 25°C for 12 h.
Removing Excess CTAB from AuNRs. Aliquots (25 mL) of nanorod solution were added to centrifuge tubes and were centrifuged at 14000 rpm for 8 min. For each fraction, 22.5 mL of the supernatant was removed and replaced with 22.5 mL of DI water. The solutions were again centrifuged at 14000 rpm at 25°C for 5 min. Then 22.5 mL of the supernatant was removed from each fraction and replaced with 22.5 mL of 0.5 mM CTAB solution. The centrifugation step was repeated with the CTAB solution twice at the same speed and temperature for each fraction, and, finally, 2.5 mL of the solution was collected from each fraction.
Characterization of AuNRs. After removal of excess CTAB, all fractions were combined to have approximately 10 times concentrated gold nanorod solution. Then this nanorod solution was diluted 1:20, and the UV−vis spectrum was taken using a Cary Bio-300 (Varian, Walnut Creek, CA) to find its concentration. Two absorbance peaks were obtained at ca. 530 nm (transverse band) and ca. 860 nm (longitudinal band). TEM images of gold nanorods were obtained with a JEOL TEM 2010F transmission electron microscope on a copper grid. The sizes of gold nanorods were calculated with FemtoScan software as 77.3 ± 5.6 nm and 17.3 ± 1.1 nm in length and width, respectively.
Synthesis of Thrombin Aptamer. The 15-mer thrombin aptamer was selected as a model capture agent: (SH-2EG 6 -Apt-FAM): 5′ HS-C 6 -2(EG) 6 -GGT TGG TGT GGT TGG-FAM 3′; (SH-3EG 6 -Apt-FAM): 5′ HS-C 6 -3(EG) 6 -GGT TGG TGT GGT TGG-FAM 3′. All aptamers were coupled with 5′-thiol modifier for conjugation to the gold nanorod surface and were labeled with fluorescein at the 3′-end using 3′-(6-fluorescein) CPG to detect and quantify the aptamer modification on the gold nanorod surface. Also, either two or three hexaethyloxy glycol units (EG 6 ) were added between the thiol and thrombin aptamer sequence as spacers to observe the length effect on thrombin capture. All oligonucleotides were synthesized by solid-state phosphoramidite chemistry at a 1-μmol scale using an ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA). The completed sequences were then deprotected in AMA (ammonium hydroxide/40% aqueous methylamine 1:1) at 65°C for 20 min and further purified using a ProStar HPLC (Varian, Walnut Creek, CA) with a C18 column (Econosil, 5 μm, 250 × 4.6 mm) from Alltech (Deerfield, IL). A Cary Bio-300 UV spectrometer (Varian, Walnut Creek, CA) was used to measure absorbance to quantify the concentrations of the product sequences.
Aptamer Immobilization to the Surface of AuNRs. Before aptamer immobilization, 0.1 mM 5′ S−S tagged thrombin aptamers were incubated with 5 mM TCEP in 50 mM Tris/HCl (pH = 7.5) buffer for 1 h at room temperature to reduce S−S to SH groups. The 5′ SH-thrombin aptamers were then collected in small portions by eluting the TCEP mixture through a NAP-5 column. Concentrations of these portions were calculated by measuring their absorbance using a Cary Bio-300 UV Analytical Chemistry spectrometer (Varian, Walnut Creek, CA). Then a 100 μL sample of 0.96 nM gold nanorod solution was centrifuged at 14000 rpm at 25°C for 3 min. The supernatant was removed, and the precipitate was resuspended in 100 μL of 2 mM CTAB. Then 850 μL of DNA grade water, 50 μL of 2 mM thiol-PEG (MW 5000), and 0.25 μL of 100 μM (25 nM as final concentration) thrombin aptamer were added to the gold nanorod solution. The solution was incubated for 12 h at room temperature. Then the reaction solution was centrifuged at 14000 rpm at 25°C for 5 min to remove the unbound aptamers and SH-PEG as a supernatant. The precipitate was resuspended in 100 μL of DI or DNA grade water. Gold nanorods conjugated with thiol-PEG only (MW 5000) were prepared in the same manner.
Thrombin Capture with Aptamer-Conjugated AuNRs. Three samples, including 20, 50, and 100 μL of 0.96 nM gold nanorod−thrombin aptamer (2EG 6 -or 3EG 6 -modified), and 50 μL of 0.96 nM of only SH-PEG-modified gold nanorod were centrifuged at 14000 rpm for 5 min, and the supernatants were removed. Then 100 μL of thrombin activation buffer and human plasma samples containing 338 ng, 100 ng, or 1 ng human α-thrombin were prepared separately for each precipitated gold nanorod solution. The activation buffer solutions also contained 10 mg/mL BSA (3000 times more concentrated than α- thrombin in the 338 ng α-thrombin-spiked buffer solutions) to mimic multiplex biological fluids. Thrombin-spiked activation buffer (20 mM Tris-HCl pH = 7.4, 140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 ) and plasma samples were added to the precipitates of gold nanorod solutions separately, and the mixtures were vortexed, or briefly sonicated, to mix the contents. The mixtures were incubated for 20 min at room temperature and were then centrifuged at 14000 rpm for 3 min. The precipitates were washed three times with 200 μL of washing buffer and centrifuged at 14000 rpm for 3 min after each buffer addition; the precipitates were then dispersed in 10 μL of DI water.
One-Dimensional Gel Electrophoresis and Gel Staining. A volume of 10 μL of the prepared α-thrombin protein standards and the gold nanorod solutions with α-thrombin captured from human plasma or buffer were mixed with 10 μL of gel loading buffer (NuPAGE LDS sample buffer; Invitrogen). The mixtures and 2 μL of the prestained protein marker solution were heated at 95°C for 5 min and loaded into the gel (4−12% Bis-Tris SDS-polyacrylamide (Invitrogen)) with a thickness of 1.0 mm. Gel separation in running buffer proceeded at a constant voltage of 200 V for 1 h. After separation, the gels that were loaded with 338 ng or 100 ng thrombin samples were washed with DI water three times at 10 min increments, and the gels were stained with Coomassie Blue dye (GelCode Blue Stain Reagent, Thermo Scientific) for 1 h. The gels that were loaded with 1 ng thrombin samples were stained by the silver staining method using a SilverQuest Staining Kit (Invitrogen). Then the stained gels were scanned with a scanner, and the bands in the gels were analyzed by ImageJ software. To determine the thrombin capture efficiency, the peak areas of the protein standard bands were considered to represent 100% yield.
■ RESULTS AND DISCUSSION
To synthesize gold nanorods, a seed-mediated method was used. 23−26 The synthesized gold nanorods were characterized by their UV−vis absorption and by their TEM images, as shown in Figure 1 . The prepared gold nanorods showed good uniformity, as indicated by their TEM image. The characteristic transverse and longitudinal bands 23 were observed at 530 and 860 nm, respectively, in the UV−vis absorption spectrum (Figure 1) .
Surface modification of gold nanorods utilizing thiolate reaction consisted of PEGylation of the surface using SH-PEG (MW 5000) and immobilization of thiol-labeled 15-mer thrombin aptamers that were previously modified with different hexaethyloxy glycol (EG 6 ) lengths (Figure 2 ). Gold nanorods were functionalized with thiol-PEG (MW 5000) to avoid agglomeration and decrease nonspecific binding.
5,27−31
The immobilization of thiol-PEG was optimized by monitoring the fluorescence intensities of the FAM-labeled aptamerconjugated gold nanorods and the unbound aptamers for different concentrations of SH-PEG. As shown in Figure 3 , the highest fluorescence intensity of aptamer-conjugated gold nanorods and the least fluorescence intensity of the unbound aptamers were obtained when 100 μM SH-PEG was used, and that concentration was subsequently used for AuNRs with either two or three EG 6 units. This amount of SH-PEG also led to welldispersed AuNR solutions ( Figure S-1, Supporting Information) . The average number of aptamers bound on the surface per nanorod was found by dividing the concentration of aptamers bound on the surface by the concentration of the gold nanorods used in conjugation. To find the concentration of the bound aptamers, the concentration of the unbound aptamers was subtracted from the overall aptamer concentration that was used in the modification. The concentrations of the aptamers were evaluated using a fluorescence standard calibration curve for standard solutions of the thrombin aptamer. 32, 33 According to these calculations, approximately 162 and 157 of 2EG 6 -and 3EG 6 -modified 15-mer thrombin aptamers were immobilized on each gold nanorod surface, respectively, while using 100 μM SH-PEG (MW 5000) (Figures S-2 and S-3, Supporting Information). Because the aptamer immobilization did not differ significantly for either of these modifications, the thrombin capture efficiency can be compared with the change in the linker length.
The aptamer accessibility toward its target can be increased by using linkers, such as thymidine 34 and PEG. 35 In previous reports, arbitrarily chosen lengths of these linkers were used. 31, 34 Balamurugan et al. showed that there are two factors affecting the target capture efficiency, surface density, and the distance from the immobilization surface of the aptamers. In their study, thymidine linkers in four different increments (T 0 , T 5 , T 10 , T 20 ) decreased the surface density of thrombin aptamers immobilized on gold slides, resulting in decreased target capturing efficiency in T 5 → T 10 and T 10 → T 20 increment change; however in the T 0 → T 5 modification, the distance effect suppressed the surface density decrease, which increased the accessibility of aptamers toward their target. 31 In this study, 15-mer thrombin binding aptamers were modified with either two or three units of hexaethyloxy glycol to determine which length resulted in more efficient thrombin capture. Instead of a thymidine, hexaethyloxy glycol was chosen as a linker because it does not affect the surface density of the aptamers. 31 On the other hand, one unit of hexaethyloxy glycol is approximately as long as a T 5 linker.
Gold surfaces have a high tendency to quench fluorescence of nearby fluorophores. 36, 37 Consequently, before starting the thrombin capturing efficiency comparison experiments, it was necessary to estimate the distance between aptamer and AuNR surface. Therefore, the fluorescence quenching percentages of 3EG 6 -and 2EG 6 -modified thrombin aptamers having FAM dye on their 3′ ends were compared. The fluorescence quenching percentage of 3EG 6 -modified aptamers was found to be 10% less than that for aptamers with 2EG 6 units, indicating that the 3EG 6 -modified aptamers were farther away from the AuNR surface ( Figure S-4, Supporting Information) .
Thrombin capturing efficiency comparison experiments were then conducted by an SDS-PAGE technique. Different concentrations (0.19, 0.48, and 0.96 nM) of gold nanorods conjugated with 3EG 6 -or 2EG 6 -modified thrombin aptamers were incubated with 338 ng, 100 ng, or 1 ng human α-thrombinspiked buffer or human plasma samples. The enriched α-thrombin on these gold nanorods and a standard human α-thrombin sample were loaded in a 4−12% Bis-Tris SDSpolyacrylamide gel for electrophoresis. Also, gold nanorods that were conjugated only to thiol-PEG (MW 5000) were incubated with the samples containing human α-thrombin protein to determine any contribution from nonspecific enrichment. As shown in Figure 4 , an increase in concentration of the AuNRs conjugated with 2EG 6 -modified thrombin aptamers from 0.19 nM to 0.96 nM resulted in an increase in thrombin capturing efficiency from 48% to 84% for the buffer sample containing 338 ng (∼84 nM, 3.38 ppm) of human α-thrombin ( Figure 4A, lanes  2−4) . However, when the concentration of the AuNRs conjugated with 3EG 6 -modified thrombin aptamers increased from 0.19 nM to 0.96 nM, the thrombin capturing efficiency decreased from 90% to 28% for the same thrombin standard ( Figure 4A, lanes 5−7) . Therefore, the most efficient capturing occurred with the 0.19 nM 3EG 6 -modified aptamer-conjugated AuNRs. A similar thrombin capturing trend occurred for the buffer sample containing 100 ng (∼25 nM, 1.00 ppm) of α-thrombin. In Figure 4B , the thrombin capture efficiency difference between the 0.19 nM 3EG 6 -and 2EG 6 -modified thrombin aptamer-conjugated AuNRs is even more evident (lane 5 and lane 4, respectively). Thus, even a one unit change of hexaethyloxy glycol increased the thrombin capturing efficiency by 47%.
As reported by Balamurugan et al., 31 the thrombin binding capacity was controlled by two different factors, surface density and the distance from the immobilization surface of the aptamers. In this paper, because the numbers of 2EG 6 -and 3EG 6 -modified thrombin aptamers immobilized on each gold nanorod surface were close to each other, the distance of aptamers from the gold surface became the major effect on thrombin capture efficiency. For AuNRs conjugated with 2EG 6 -modified thrombin aptamers, which had shorter linkers, the thrombin capture efficiency was greatly affected by the steric effect. Thus, larger concentrations of AuNRs were needed to increase the chance that α-thrombin would come close to the aptamers immobilized on the gold surface. That is the reason for the increase in the thrombin capture efficiency with the increase of the concentration of AuNRs conjugated with 2EG 6 -modified thrombin aptamers. However, AuNRs conjugated with 3EG 6 -modified thrombin aptamers, which had longer linkers, showed slight steric effects on thrombin binding to aptamer. Thus, even low concentrations of AuNRs (0.19 nM) conjugated with 3EG 6 -modified thrombin aptamers could reach up to 90% of thrombin capture efficiency. On the other hand, with the increase of the concentration of AuNRs, the 3EG 6 -modified thrombin aptamers on the adjacent AuNRs may have twisted around each other because of their flexibility and longer distance from the gold surface. Therefore, the effective number of aptamers that can bind to thrombin was reduced. This may be the reason why thrombin capture efficiency was decreased with the concentration increase of AuNRs conjugated with 3EG 6 -modified thrombin aptamers.
In Figure 4A and 4B, lane 8 shows that the nonspecifically captured α-thrombin from buffer solutions via gold nanorods conjugated only with thiol-PEG (MW 5000). 5 Because the band intensities for this nonspecifically captured α-thrombin were so low, it can be concluded that the nonspecific capture of α-thrombin in the absence of the affinity tag conjugation was negligible.
These buffer solutions contained α-thrombin, as well as high concentrations of BSA (10 mg/mL), to mimic complex biological fluids. As shown in Figure S -5 in Supporting Information, thrombin aptamer-conjugated gold nanorods showed some nonspecific binding to BSA (66 kDa), but the band intensities were very low compared to the bands for captured α-thrombin (37 kDa), indicating that the nonspecific binding was negligible. The gel in Figure S -5 also shows that the thrombin capture efficiency increased with an increase in the concentration of 2EG 6 -modified aptamer-conjugated AuNRs, but it decreased with an increase in the concentration of 3EG 6 -modified aptamer-conjugated AuNRs. Moreover, 0.96 nM aptamer−2EG 6 −AuNRs and 0.19 nM aptamer−3EG 6 −AuNRs again showed similar band intensities for captured α-thrombin, which is an indication of the efficacy of aptamer−3EG 6 −AuNRs, despite their low concentration.
Thrombin capturing efficiency comparison experiments were also conducted with 1 ng (∼250 pM, 10 ppb) human α-thrombin-spiked buffer and human plasma samples. This concentration was chosen since 1 ng is close to the detection limit of the silver staining method for proteins after gel electrophoresis. 19, 20 Significant differences in thrombin capture efficiency for different probes from 1 ng α-thrombin-spiked buffer solutions were not observed, as shown in Figure S-6 , Supporting Information.
Similarly, the α-thrombin capture efficiency trend observed with thrombin aptamer activation buffer solutions was not observed with the 1 ng α-thrombin-spiked human plasma sample ( Figure 5 ). The band intensities of the captured α-thrombin (red dashed lines, Figure 5 ) via different concentrations of 2EG 6 -or 3EG 6 -modified thrombin aptamer-conjugated AuNRs did not differ significantly from each other (except in lane 7, which could have resulted from a staining error), and they even showed slightly higher intensities than thrombin standard (lane 1) by the presence of some α-thrombin in the original plasma sample. Even though one hexaethyloxy glycol unit change of the spacer in the surface modification of gold nanorods did not affect the thrombin capturing efficiency significantly in plasma samples, 1 ng (10 ppb) of α-thrombin was successfully enriched from human plasma with the aptamer-conjugated gold nanorods. An unexpected band could also be seen in the gel electrophoresis of the α-thrombin standard (blue dashed lines, lane 1, Figure 5 ). To identify this band, the MALDI-MS spectrum of the α-thrombin standard was taken. Besides the expected mass-to-charge ratio peak at around 36000 m/z, another peak was obtained at around 72000 m/z ( Figure S-7 , Supporting Information). This was most likely caused by the prothrombin content of the α-thrombin standard solution, because α-thrombin (∼37 kDa) is generated by proteolysis of two peptide bonds in prothrombin (∼72 kDa) via prothrombinase enzyme. 38, 39 The same band (∼72 kDa) occurred for the lanes of the captured α-thrombin in Figure 5 . This result indicates that 15-mer thrombin aptamer can also bind to prothrombin. This correlates with some previous studies, which found that a 15-mer thrombin aptamer can block the clotting activity of thrombin either by binding to exosite I or prothrombin to inhibit its activation by prothrombinase enzyme, which also leads to the inhibition of thrombin generation. 40 The band intensity for prothrombin in the standard (lane 1, Figure 5 ) did not substantially differ from band intensities recorded for captured prothrombin via aptamer-conjugated gold nanorods modified with different linker lengths (lanes 2−6). Thus, it may be concluded that effective capturing was achieved at ppb levels for prothrombin using 15-mer thrombin aptamer-conjugated gold nanorods.
■ CONCLUSION
The overall results in this study demonstrate the applicability of the surface-modified, aptamer-conjugated gold nanorods for the enrichment of low-abundance proteins (in ppb range) from plasma samples and the vital role of surface modification to generate robust, sensitive, specific, and efficient protein capturing platforms. This new method can enrich proteins at ppb levels using very low amounts of the capturing platform (0.19 nM gold nanorods) and with negligible nonspecificity. The dramatic increase in thrombin capturing efficiency with only one unit change of hexaethyloxy glycol linker proves the significance of surface modification in protein enrichment techniques. This study also outscores similar, but more complex, methods only capable of enrichment down to 6 ng of captured thrombin. 41 In addition to the detection of proteins using gel electrophoresis, this work can also open new avenues for aptamer-conjugated gold nanorods for use as an LDI−MS matrix 42 where NIR lasers are used. In this way, aptamer-conjugated gold nanorods can be used as a dual platform for enrichment and detection of rare proteins utilizing MS, as shown in our previous work with aptamer-conjugated graphene oxide. 43 It may be concluded that aptamer-conjugated gold nanorods are promising protein capturing platform candidates for biomarker discovery studies involving capture and detection of low-abundance proteins from biological fluids. 
